Abstract-A Hall probe magnetic imaging system that works in magnetic fields in the range -1 T to 1 T has been implemented, and it has been used to characterize the superconducting behavior of single domain melt textured YBa 2 Cu 3 O 7 rings. We show that in addition to the analysis of the evolution of the local magnetic field distribution when the external magnetic field is cycled, the hysteretic behavior of the magnetic moment can also be investigated after integration of the local magnetic field. The critical current density has been determined through the critical state model and it has been compared to that calculated by inversion of the Biot-Savart law. A remarkable agreement is achieved with both methods.
distribution of defects on the sample. Recently, it has been shown that artificial joins of bulk melt textured YBa 2 Cu 3 O 7 (YBCO) can be obtained [1] [2] [3] . This novel technique has opened new avenues for practical applications where complex shapes are needed. The performance of these joints needs to be evaluated and the use of welded rings appear to be a very promising technique because the critical current of the weld can be evaluated with a very low voltage criterion through the induction of persistent currents when external magnetic fields are applied and no electrical contacts are needed [3] . The understanding of the electromagnetic behavior of ring-shaped superconducting materials appears then as a prerequisite.
A considerable effort has been devoted to obtain the current distribution in superconducting materials from magnetic flux profiles by solving the inverse problem [4] . In this way the local distribution of the critical current density can be imaged, thus, allowing to investigate the complex behavior of inhomogeneous or topologically connected materials such as rings.
At low fields, magneto-optical imaging is a powerful technique because external fields are easily applied. Hall probe magnetic imaging has also been demonstrated to be a powerful technique, giving direct measurements of the magnetic field, which can be extended to higher external magnetic fields [5] ; however, it appears difficult to set up a scanning system under an external magnetic field.
In this work we report the use of an in-field Hall probe magnetic imaging system devised to work in applied fields in the -1 T to 1 T field range at 77 K. We investigate the field dependence of the magnetic behavior of a ring-shaped single domain melt textured YBCO sample, and we calculate the critical current density both from the magnetic flux distribution (solving the inverse problem) and from the magnetic moment using the critical state model.
II. EXPERIMENTAL
Single domain melt textured YBa 2 Cu 3 O 7 pellets were grown by Top Seeding Growth following processes previously described [1] , [3] , [6] . A ring shaped sample of YBCO has been obtained by drilling a thin disc. . The probe is rastered, maintaining its active area at a flying distance of ≈ 80-100 µm, through the polished surface of the ring in steps of 160 µm. As shown in Fig. 1 , the Hall raster has been designed to be operated in the gap of an electromagnet allowing magnetic imaging in applied field conditions. The Hall probe measures the local magnetic field B(x,y) which has a contribution from the external magnetic field and also from the perpendicular component of the magnetic field generated by the induced currents flowing in the superconductor. The external magnetic field is applied perpendicular to the surface of the sample and the full hysteresis loop can be measured. The current distribution generating the observed magnetic flux profiles has been computed by solving the inverse problem with the software package Caragol [7] . This software package solves the BiotSavart law for 3-D bulk samples assuming a planar current circulation, i.e. J z =0, but without any assumption on the geometry of the planar current within the samples. Details about the mathematical procedure followed to compute an overdetermined linear equation system have been presented elsewhere [7] . A critical parameter is the height at which the magnetic image was measured with the Hall probe system, which needs to be well known for the calculation. We have tested the consistency of the inversion method from our magnetic imaging system by computing the current distribution from images taken at different heights in standardized samples [7] . In the present case the measurements were carried out at 100 µm. The comparison between the original measurements and the computed magnetic fields calculated with the current distribution gives differences lower than 5% which is established as coincidence criteria.
III. RESULTS AND DISCUSSION
Persistent currents flowing in the superconducting ring were induced either by applying external magnetic fields after Zero Field Cooling (ZFC) or Field Cooling (FC) processes.
The magnetic moment
r r r r of a type-II superconductor induced by these currents can be calculated through the critical state model which assumes that J(r) can not exceed the critical current J c . We also assume that the reversible magnetization associated with the Meissner currents can be neglected, i.e., H c1 is much smaller than the magnetic fields considered in our experiments. We have investigated the flux distribution B(x,y) as a function of the magnetic field by means of Hall probe magnetic imaging to verify that the induced magnetic moment has indeed the expected cylindrical symmetry. Fig. 2 reports a typical magnetic field profile B(x,y)-H measured under magnetic field after a ZFC process, while Fig. 3 displays several typical B(x)-H cross-sectional patterns measured when the magnetic field is first increased up to H= 2.3 kOe and then reduced to zero. As it may be observed in Fig. 2 , a perfect cylindrical symmetry is observed,
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Hall raster arm thus confirming the good quality of the melt textured single domain YBCO ring used in the present work. Further details of the flux penetration process can be obtained by examining the field dependence of the magnetic flux profiles (Fig. 3) . We can observe first an increase of the magnetic moment with a flat flux profile in the center of the ring while the induced current is increasing. At higher fields, the flat flux profile is preserved, but the magnetic moment decreases smoothly, thus indicating a decrease of the induced currents. Finally, we also observed that the homogeneity of the flux distribution is preserved during the reversal of the magnetic moment, which is a further proof of the quality of the sample.
Boiling nitrogen Sample
The maximum current which may be induced in a ring with uniform current density across its thickness is
. This current is induced when the field penetration H p is achieved. If we assume that the critical current density is field independent, the magnetic moment at
and then the magnetic moment should remain field independent [8] . Usually, however, the critical currents in melt textured YBCO are field dependent [9] and also demagnetizing effects inducing inhomogeneous current density J(r) can occur [8] , depending on the dimensions of the ring, so the applicability of these theoretical predictions should be tested in real materials. For this purpose we have in addition measured the isothermal magnetization by means of a SQUID magnetometer, and we have compared the hysteresis loop with the mean local "magnetization" over the whole ring surface . Fig. 4 displays both magnitudes as a function of the magnetic field. We can see that a perfect coincidence among both magnitudes is achieved when H B − is multiplied by a field independent constant k ≈1.95. We should note also that the observed magnetic remanence at zero field equals that observed after a FC process, thus indicating that the maximum external magnetic field was higher than 2H p . The coincidence of the field dependence of both hysteretic magnetizations will allow us to calculate directly the field dependence of the critical current density J c (H) from the local magnetic flux measured with the in-field Hall probe magnetic imaging system. An additional feature which should be noted is that in the low field limit the isothermal magnetization has a linear behavior, a characteristic which has been found to be very useful in the investigation of welded rings [3] . At low magnetic fields the ring can be modeled, in a first approximation, as a single-turn solenoid. The field dependence of the magnetic moment can be calculated taking into account that the magnetic flux inside the ring remains null m(H) 
e. a linear behavior is found. At high fields, however, the non-linear terms associated with the critical state flux penetration model become relevant and so the virgin magnetization curve becomes non-linear [8] , as observed in Fig. 4 . Because of this non-linear behavior and the field dependence of the critical current density J c (H), the penetration field H p may not coincide with the observed magnetization peak (Fig. 4) [8] . We have verified, however, that the slope of the magnetic moment at the origin in the virgin m(H) curve (Fig. 4) agrees with the expected geometrical value for a single-turn solenoid. We note also that the same slope is found when the sign of the magnetic field sweep is reversed at high magnetic field (Fig. 4) . This is because the flux crossing the inner ring surface is preserved while the induced currents in the ring are changing sign, and so the same self-inductance determines the change of the magnetic moment. Now, we can calculate the critical current density J c of the ring on one side using the critical state model and the measured magnetic moment m(H), and on the other side, we can carry out a deconvolution of the magnetic flux distribution using the Biot-Savart law [8] states that
. Fig. 5 shows the results of this calculation for the melt textured ring investigated in the present paper. We note that the calculated critical current density at zero field, i.e., J c (0) ≈2. 8 10 4 A/cm 2 , and the observed field dependence are typical of bulk single domain YBCO samples at 77 K [6] , [9] .
The calculation of the local current density J c (x,y) from the observed magnetic field distribution B(x,y) was performed using the software package Caragol [7] . Fig. 6 (a) displays the computed current distribution superposed on the measured magnetic field distribution after a FC process while Fig. 6 (b) displays a particular cross section of this current distribution. We can observe that the homogeneity of the current density is preserved and also that the limits where the current vanishes are close to the external surfaces of the ring. The peak values of the critical current density at zero field computed by this method are J c (0) ≈1. 5 (Fig. 5) , thus validating the consistency of our imaging system. 
IV. CONCLUSIONS
We have validated an in-field Hall probe magnetic imaging system by measuring the field dependence of the magnetic moment of a single domain melt textured YBCO ring. The magnetic field profiles are characteristic of an homogeneous material and the integrated local magnetic field follows the same magnetic field dependence than the whole magnetic moment thus allowing to use the critical state model to calculate the critical current density. The induced currents have been calculated as well by solving the Biot-Savart law.
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